INTRODUCTION
============

Reconfigurable microelectronic devices that can be reversibly switched between different geometrical and/or working states to realize distinct target functions have important applications in a broad range of areas, from wireless communication devices ([@R1]--[@R4]), energy absorption devices ([@R5]), optical devices ([@R6]--[@R8]), biomedical devices ([@R9], [@R10]), to microelectromechanical systems (MEMS) ([@R11]--[@R14]) and robotics ([@R15]--[@R18]). Miniaturized switch components, such as radiofrequency MEMS switches ([@R19]--[@R22]), PIN diodes ([@R23]--[@R25]), and varactors ([@R26]--[@R28]), were widely exploited in the design of electrical circuits as a means to achieve the reconfiguration of device functionality. This strategy has enabled the development of reconfigurable devices with high switching speeds and small sizes, but these devices suffer from specific electrical issues, including the nonlinearity effects of switches, the noises, the power losses, as well as the complexity and other negative effects of the bias circuitry. Although the resulting devices can be reconfigured among a few different states, they can achieve the state switch only in a discrete manner and are usually unable to tune the device performance continuously in a broad range.

Strategies relying on the use of smart/active materials \[e.g., shape memory polymers/alloys ([@R29]--[@R33]), phase transition materials ([@R34]), light sensitive materials ([@R35]--[@R37]), piezoelectric materials ([@R38], [@R39]), magnetically responsive materials ([@R40], [@R41]), dielectric elastomers ([@R42], [@R43]), hydrogels ([@R44]--[@R46]), liquid crystal elastomers ([@R47], [@R48]), and liquid metals ([@R49], [@R50])\] provide another viable route to reconfigurable devices. When exposed to different external stimuli, such as electric/magnetic field, heat, and light, these materials undergo active deformations, which can be used to achieve reversible geometrical changes of patterned structures. The devices formed in this manner are thereby capable of adjusting the functionalities and/or performances that are sensitive to the geometric configurations. These mechanically guided reconfiguration strategies could avoid the negative effects induced by the use of switches and bias circuits and offer additional advantages in the continuous, wideband tunability of device performance. The requirement of specific operation environments (e.g., electric/magnetic fields) could potentially affect the performance of the functional devices, posing limitations in practical applications.

Here, we present a mechanically guided scheme and bottom-up design strategy to enable the construction of geometrically reconfigurable three-dimensional (3D) mesostructures on an elastomer substrate by using simple straight/curvy ribbon components as building blocks. This approach exploits the compressive forces induced by the release of biaxially prestrained substrate to drive the 3D transformation of patterned 2D precursors through a controlled, lateral buckling process ([@R51]--[@R54]). A previous work demonstrated that the use of simultaneous release and sequential release along a certain pair of orthotropic directions can provide possible access to distinct 3D configurations ([@R55]), thereby offering a route to achieve reconfigurable 3D mesostructures. However, this previous work only took into account the sequential release along a couple of limited directions and, thereby, did not provide a full picture of the structural reconfigurability through this approach. Consequently, the previous reconfigurable 3D mesostructures mostly involve quite intricate 3D geometries, as evidenced by the incorporation of creases (with reduced thickness) at various locations, and the demonstrated devices can be switched between only two operation modes. In the present work, we discovered a class of very simple ribbon elements (with only a single branch and two ends) that can be reshaped between distinct 3D configurations by analyzing quantitatively their reconfigurabilities under sequential release along all possible directions. The resulting phase diagrams of stable 3D configurations serve as a basis of the proposed bottom-up strategy to design complex reconfigurable mesostructures in the form of a linear/circular array, in which the rotational angle of each ribbon element can be optimized to obtain a desired number (e.g., from 2 to 10) of stable configurations. Combined experimental and computational studies of \~30 diverse examples, including those that consist of very simple ribbon geometries but offer more than three distinct stable configurations, illustrate the powerful capability of the proposed design strategy. Demonstrations of functionally reconfigurable 3D antennas for energy harvesting and communication suggest a broad range of application opportunities. In particular, the developed single antenna offers unique beamforming that can be switched among nine distinct modes and discrete beam scanning that can cover almost all in-plane directions, which is unachievable previously.

RESULTS
=======

Conceptual illustration
-----------------------

[Figure 1A](#F1){ref-type="fig"} illustrates the key concept of the scheme to achieve geometrically reconfigurable 3D mesostructure by extending the approach of buckling-guided assembly. This idea begins with a 2D precursor (left bottom frame of [Fig. 1A](#F1){ref-type="fig"}) that can be patterned using techniques of laser cutting or photolithography (see fig. S1 for details), and an elastomer substrate with an equal biaxial prestrain (ε~pre~). The 2D precursor consisting of a bilayer of aluminum (Al) (1 μm) and polyimide (PI) (25 μm) is bonded onto the surface (i.e., *xy* plane in the coordinate system in [Fig. 1A](#F1){ref-type="fig"}) of prestrained elastomer selectively at two free ends. Through the use of a customized four-axis stretcher (see fig. S2 for details), the biaxial prestrain in the substrate can be released along four different sequential paths, which can be characterized by the loading angle (φ = 45°, 90°, 135°, or 180°, defined as the counterclockwise angle rotated from the positive direction of the *x* axis; see [Fig. 1A](#F1){ref-type="fig"}) during the first step of prestrain release. Release of the remnant prestrain along an orthotropic direction (φ + 90° for φ ≤ 90° and φ − 90° for φ \> 90°) in the second step ensures a complete release of the biaxial prestrain. [Figure 1A](#F1){ref-type="fig"} shows that the sequential paths with φ = 45° and 135° lead to the formation of the same 3D configuration, referred to as mode I, the "fall" mode, which coincides with that which resulted from an end-to-end compression. The path with φ = 90° gives rise to a completely different 3D configuration (i.e., mode II, the "rise" mode), due to the shear buckling induced by the first step of the prestrain release. Owing to the ultrathin feature of the ribbon, as evidenced by the small aspect ratio (\<0.01) of the thickness to the end-to-end distance, the maximum principal strains in the ribbon are well below the yield strains of the materials (0.3% for Al and 3% for PI), indicating the various buckling processes are all governed by elastic deformations (fig. S3). Consequently, the mesostructure can be reshaped reversibly between the modes I and II configurations through this sequential loading scheme. It is also noteworthy that the strain is uniformly distributed in a majority of the central region of the elastomer substrate (fig. S4A), which facilitates the design of parallel assembly for multiple reconfigurable 3D mesostructures, as shown subsequently in [Fig. 1](#F1){ref-type="fig"} (B and F). Excluding the above four sequential paths, an arbitrary sequential path with φ in the range of (0,180°\]φ ∈ (0,180^o^\] can be realized by rotation of the substrate with respect to the assembly platform (fig. S4B). Quantitative mechanics modeling based on finite element analysis (FEA) allows for the construction of the phase diagram that shows the stable 3D configurations for all possible release angles (φ). Excluding the range of 72° ≤ φ ≤ 117° that yields mode II, all of the other release angles give rise to mode I. This phase diagram suggests the rotational patterning of the above ribbon mesostructure (e.g., into a circular array) as a powerful bottom-up route to reconfigurable mesostructures with multiple stable 3D configurations. [Figure 1B](#F1){ref-type="fig"} provides a demonstrative example with four different 3D configurations, where the 2D precursor consists of three pairs of ribbon mesostructures in [Fig. 1A](#F1){ref-type="fig"}. Because of the central symmetry, the two ribbon components in each pair undergo the same deformations during the assembly. The pair 1 ribbon components have the same directionality (with respect to the coordinate system) as the mesostructure in [Fig. 1A](#F1){ref-type="fig"} and, therefore, exhibit the rise mode only when 72° ≤ φ ≤ 117°. Similarly, the pairs 2 and 3 ribbon components exhibit the rise mode only when 132° ≤ φ ≤ 177° and 12° ≤ φ ≤ 57°, respectively. This can be clearly elucidated by the phase diagram in the bottom right panel of [Fig. 1B](#F1){ref-type="fig"}, where the inner, middle, and outer layers correspond to the pairs 1 to 3 ribbon components, respectively. Such a phase diagram indicates that the entire mesostructure array exhibits four different stable 3D configurations. Note that all ribbon components in the array show the fall mode, when 0° ≤ φ ≤ 12°, 57° ≤ φ ≤ 72°, 117° ≤ φ ≤ 132°, or 177° ≤ φ ≤ 180°.

![Conceptual illustrations of the bottom-up design strategy and a reconfigurable coil antenna.\
(**A**) FEA results that illustrate the buckling-guided process to achieve a geometrically reconfigurable 3D mesostructure. The bottom right panel presents a phase diagram of stable 3D configurations at different release angles (φ), with yellow and green denoting modes I and II, respectively. (**B**) FEA results and optical images that show a 2D precursor consisting of three pairs of elementary mesostructures in (A), which can be transformed into four distinct 3D configurations. The bottom right panel presents a phase diagram consisting of three layers, with each layer showing the mode distribution of a pair of elementary mesostructures. (**C**) Schematic illustration of the 2D precursor design of a reconfigurable coil antenna. (**D**) FEA results and optical images of the 3D coil antenna at two different operation modes. (**E**) Normalized induced voltage of the coil antenna for φ = 90° and 180°. (**F** and **G**) Schematic illustration of a reconfigurable energy-harvesting device with a 3 × 3 array of basic elements. (**H**) Phase diagram for each element in the array. (**I** to **K**) Three different operation modes of the antenna array, as marked in (H). Scale bars, 2 mm. Photo Credit: K.B., Tsinghua University.](abb7417-F1){#F1}

On the basis of the geometry in [Fig. 1A](#F1){ref-type="fig"}, an energy-harvesting coil antenna whose operation mode could be adjusted by the release paths (φ) is designed ([Fig. 1C](#F1){ref-type="fig"}), with the orange, blue, and red colors denoting the metallic layer (Cu, 6-μm thickness), supporting layer (PI, 25-μm thickness), and bonding sites. The chip capacitor (430 pF, for adjusting the resonant frequency of the secondary coil to 13.56 MHz) and the chip light-emitting diode (LED; red light) are connected to the metallic layer by welding. A planar primary coil attached onto the bottom surface of the substrate serves for energy transmission. Between the two different operation modes ([Fig. 1D](#F1){ref-type="fig"}), the induced voltages in the coil antenna have a huge difference, due to the distinct distance and angle of the secondary coil with respect to the primary coil. Consequently, the on/off state of the LED can be switched reversibly by using different sequential release paths, i.e., "off" for 60° ≤ φ ≤ 120° and "on" otherwise. The quantitative calculations of induced voltages at the different modes that are normalized by the voltage value in the initial planar state of the coil antenna ([Fig. 1E](#F1){ref-type="fig"} and fig. S5) show a contrast by more than an order of magnitude. [Figure 1F](#F1){ref-type="fig"} and fig. S6B present a 3 × 3 array of energy-harvesting coil antennas inspired by the bottom-up design strategy, where the direction of each coil antenna has been optimized according to the phase diagram in fig. S6A. The resulting design in [Fig. 1](#F1){ref-type="fig"} (G and H) allows the array to offer 10 distinct operation modes. Three typical modes display the letters "T," "H," and "U" ([Fig. 1, I and J](#F1){ref-type="fig"}), and the other operation modes (such as the letters "1," "11," and "□") appear in fig. S6C. The dynamic processes are shown in movie S1. The strain analysis and cyclic fatigue test of the coil antenna show that the device reconfiguration is reversible (figs. S7 to S9). The excellent compatibility of this approach with well-developed planar fabrication techniques suggests many application opportunities.

Phase diagrams and design maps for a class of simple reconfigurable 3D ribbon-shaped elements
---------------------------------------------------------------------------------------------

Unveiling the reconfigurability of elementary mesostructures with very simple geometries is essential to the above bottom-up design strategy. This section focuses on the 2D precursors consisting of a single curvy ribbon with only two ends, which can be regarded as the simplest type of ribbon geometries. Specifically, the fundamental categories of ribbon geometries, with shapes of an arc/elliptic segment, its combination with a straight segment, or a combination of two arcs with different arc angle/radii, are considered.

[Figure 2](#F2){ref-type="fig"} (A to D) presents the analysis of an arc-shaped 2D precursor with a constant curvature radius (*R*), where θ, *t*, and *w* denote the central angle, the thickness, and the width, respectively. Assuming the right end (bonding B) of the ribbon to be fixed during the sequential release of the substrate, the trajectory of the left end (bonding A) can be characterized by its two in-plane displacement components (*u~x~* and *u~y~*). [Figure 2B](#F2){ref-type="fig"} shows such a trajectory for four typical sequential loading paths (φ = 45°, 72°, 135°, and 180°). Here, ${\overline{u}}_{x}$ and ${\overline{u}}_{y}$ are normalized by the displacement \[2ε~pre~*R*sinθ/(1 + ε~pre~)\] of bonding A at the final release of the biaxial prestrain, i.e., ${\overline{u}}_{x}$ = *u~x~*/\[2ε~pre~*R*sinθ/(1 + ε~pre~)\] and ${\overline{u}}_{y}$ = *u~y~*/\[2ε~pre~*R*sinθ/(1 + ε~pre~)\]. For each loading path, the trajectory consists of two perpendicular straight lines, with the intersection point corresponding to the end of the first step in the sequential loading. As the beginning and ending points are the same for all loading paths, the intersection points of different paths are located on the same circle (the dash circle in [Fig. 2B](#F2){ref-type="fig"}), representing an envelope line of all possible loading paths. Considering the slender geometries (e.g., *t/w* \< 8,*w/R* \< 8), the Euler beam theory captures the spatial bending/twisting deformations of the curvy ribbon during the process of 3D transformation. [Figure 2C](#F2){ref-type="fig"} and fig. S10 provide simulation results of FEA on the distributions of twisting curvatures and bending curvatures in a typical arc-shaped ribbon (θ = 1.7π), after the first and second steps of prestrain release for the four loading paths in [Fig. 2B](#F2){ref-type="fig"}. For the path (φ = 72°) that yields mode II eventually, the distribution of twisting curvature after the first step of prestrain release only has a single minimum point (excluding the two ends), rather than multiple minimum points that emerge in the other cases (φ = 45°, 135°, and 180°; corresponding to mode I eventually). Associated deformation sequences of the elastomer substrate for these four release angles appear in fig. S11. The distributions of twisting curvature in ribbon precursors with four different central angles (θ = 0, 0.5π, π, and 1.5π) provide further evidence about this characteristic ([Fig. 2D](#F2){ref-type="fig"} and fig. S12), i.e., single minimum point for mode II (eventually), in comparison to multiple ones for mode I.

![Physical mechanisms and design maps of elementary, reconfigurable 3D mesostructures.\
(**A**) Schematic of an arc-shaped 2D ribbon precursor bonded onto a prestrained substrate. (**B**) Illustration of release paths for four typical release angles. (**C**) Distributions of twisting curvatures in the ribbon (θ = 1.7π), after the first step of prestrain release. (**D**) Similar results for a fixed release angle (φ = 72°). (**E**) FEA results and optical images that illustrate the symmetry break induced by the appearance of the supporting substrate, leading to two distinct stable 3D configurations. (**F**) Phase diagram for the arc-shaped 2D precursor, along with optical images of assembled mesostructures in three representative conditions. (**G** and **H**) Design map for the 2D precursor consisting of a symmetric elliptic ribbon and optical images for three representative design points. (**I**) Design map for the 2D precursor consisting of an arc ribbon and a straight ribbon. (**J**) Similar results for the 2D precursor consisting of two arc ribbons with different central angles and radii. (**K**) Contour plot of the reconfigurability for the 2D precursor consisting of a semiellipse ribbon and a straight ribbon. (**L**) Optical images and phase diagrams for five representative design points. Scale bars, 2 mm. Photo credit: K.B., Tsinghua University.](abb7417-F2){#F2}

[Figure 2E](#F2){ref-type="fig"} and fig. S13 elucidate the physical mechanism of the geometrical reconfiguration through the sequential loading scheme. Here, a representative arc angle (θ = 1.7π) is taken for illustration, and four release angles (45°, 72°, 135°, and 180°) are considered. The formation of two distinct stable 3D configurations at different release paths can be attributed to the symmetry break induced by the supporting substrate. Specifically, without the mechanical interaction of supporting substrate, the final 3D shapes after the sequential releases with φ = 72° and 180° show a mirror symmetry, as evidenced by the curvature distribution (fig. S13). The assembled 3D shapes (mode I for φ = 180° and mode II for φ = 72°) with consideration of the substrate can be obtained by lifting the substrate from a location underneath the configurations at stage 2 ([Fig. 2E](#F2){ref-type="fig"}), resulting in asymmetric deformations. All of the simple ribbon geometries studied in [Fig. 2](#F2){ref-type="fig"} follow this physical mechanism, with four additional examples provided in figs. S14 and S15.

Quantitative mechanics modeling based on FEA allows for the construction of a phase diagram ([Fig. 2F](#F2){ref-type="fig"}) for the arc-shaped ribbon mesostructures in the space of geometric parameter (central angle θ) and loading parameter (release angle φ). For the central angle (θ) smaller than \~1.3π, the arc ribbon shows a unique stable mode for any release angles and, therefore, does not offer reconfigurability through the sequential loading scheme presented in this work. In the case of θ \> 1.3π, the assembled mesostructure displays the mode II configuration with two peaks (middle right panel of [Fig. 2F](#F2){ref-type="fig"}) for an intermediate range of release angle (around 90°), rather than the mode I configuration with a single peak (rightmost panel of [Fig. 2F](#F2){ref-type="fig"}). The experimental results in [Fig. 2F](#F2){ref-type="fig"} provide evidence about the validity of the phase diagram.

[Figure 2G](#F2){ref-type="fig"} presents the design map for another fundamental category of simple 2D precursor consisting of a symmetric elliptic segment (semimajor axis *a*, semiminor axis *b*, and central angle θ), where the design space capable of 3D reconfiguration is identified. A design is regarded as "not reconfigurable" when it leads to a unique stable 3D configuration for any possible sequential release angles discussed above; otherwise, the design is reconfigurable through the sequential loading scheme. The results of assembly experiments carried out using three representative design parameters marked in [Fig. 2G](#F2){ref-type="fig"} agree well with the predicted reconfigurability ([Fig. 2H](#F2){ref-type="fig"}). The design map suggests that the range of central angle (θ) to render reconfigurability enlarges with the increase in the aspect ratio (*a*/*b*). [Figure 2I](#F2){ref-type="fig"} and fig. S16 provide the validated design map for the ribbon 2D precursors consisting of an arc (central angle θ and radius *R*) and a straight segment (length *l*). In this case, a sufficiently large arc angle (θ) and a proper aspect ratio (*l*/*R*) are required to offer the reconfigurability. [Figure 2J](#F2){ref-type="fig"} and fig. S17 provide the validated design map for the ribbon 2D precursors consisting of two arc segments with different central angles (θ~1~ and θ~2~) and radii (*R*~1~ and *R*~2~; *R*~2~ ≥ *R*~1~), involving three dimensionless geometric parameters: θ~1~, θ~2~, and *R*~2~/*R*~1~.

For the fundamental categories of bistable ribbon designs in [Fig. 2](#F2){ref-type="fig"}, a quantity *K*, defined as the product of two normalized bandwidths of release angle, i.e., φ~I~^Bandwidth^/*(*π*/*2) and φ~II~^Bandwidth^/*(*π*/*2), corresponding to modes I and II, i.e., *K =* 4φ~I~^Bandwidth^φ~II~^Bandwidth^/π^2^, measures the degree of reconfigurability through the sequential loading scheme. [Figure 2K](#F2){ref-type="fig"} presents a contour plot of this quantity (*K*) for a type of ribbon precursor consisting of a semiellipse segment and a straight segment. In the reconfigurable design space (*K* \> 0), the degree of reconfigurability is enhanced at a larger aspect ratio (*a*/*b*). The results of experiments carried out using five representative design parameters marked in [Fig. 2K](#F2){ref-type="fig"} are in good agreement with the predicted reconfigurability ([Fig. 2L](#F2){ref-type="fig"}). For substrate prestrains of practical interests in the 3D assembly, e.g., \> 10%, the phase diagrams remain unchanged at different levels of the prestrain (fig. S18), for all of the five representative designs marked in [Fig. 2K](#F2){ref-type="fig"}.

Representative reconfigurable 3D mesostructures through the bottom-up design strategy
-------------------------------------------------------------------------------------

With the above simple ribbon geometries as building-block elements and their phase diagrams as a guideline, complex, multimodal, and reconfigurable 3D mesostructures can be built through a bottom-up design strategy.

[Figure 3A](#F3){ref-type="fig"} and fig. S19 present a set of designs that involve mirror and duplication of the elementary ribbon mesostructures. For example, the first design exploits a mirror pattern of the ribbon element in [Fig. 2K](#F2){ref-type="fig"}, i.e., a curvy ribbon combining a semiellipse segment and a straight segment (*a*/*b* = 2 and *l*/*b* = 1). The release angle in the range of 36° ≤ φ ≤ 144° yields the mode II configuration on the bottom, while the other angles give rise to the mode I configuration on the top, as depicted by the phase diagram. [Figure 3B](#F3){ref-type="fig"}, fig. S20, and movies S2 and S3 provide three examples that introduce straight intersecting ribbons into the elementary ribbon precursors to enhance the reconfigurability and distinction of the two stable configurations. In particular, the reconfigurabilities (*K*) of the three designs in [Fig. 3B](#F3){ref-type="fig"} are increased to 0.99, 0.75, and 0.99 (from left to right), in comparison to 0.70, 0.64, and 0.84, in the case without the straight intersecting ribbons. Connecting an elementary ribbon to the middle of another ribbon precursor represents another type of bottom-up design strategy, with three typical examples shown in [Fig. 3C](#F3){ref-type="fig"} and fig. S21. Here, the longer curvy ribbon, due to the lower stiffness, mainly follows the spatial bending/twisting deformations of the shorter ribbon at the connection region. The resulting phase diagram is very close to that of the single shorter ribbon (e.g., the semiellipse ribbon in the first design) in the precursor. Membrane-shaped reconfigurable 3D mesostructures can be realized by widening the elementary ribbon precursors. [Figure 3D](#F3){ref-type="fig"} and fig. S22 provide three examples, extended from the ribbon geometries of an arc, a semiellipse, and two arcs of different angles/radii, respectively. Additional examples of reconfigurable 3D mesostructures appear in figs. S23 and S24. It is noteworthy that the formation of two distinct 3D configurations in these designs ([Fig. 3, A to D](#F3){ref-type="fig"}) all follows the aforementioned physical mechanism of symmetry break induced by the supporting substrate, with results of three typical examples provided in fig. S25.

![A variety of 3D reconfigurable mesostructures designed with a bottom-up strategy.\
(**A** to **C**) 2D precursors, FEA results, optical images, and corresponding phase diagrams of three classes of ribbon-shaped reconfigurable mesostructures. (**D**) Similar results for membrane-shaped reconfigurable mesostructures. (**E**) Similar results for reconfigurable 3D mesostructures with more than two stable configurations. Details about the evolution of deformed configurations during different release processes are in figs. S18 to S21, S25, and S26. In all of the phase diagrams in (A) to (D), the yellow and green regions correspond to the 3D configurations on the top and bottom, respectively. The 3D mesostructures are all made of a bilayer film of Al (1 μm) and PI (25 μm), except for those in (A), which consist of a bilayer of Cu (30 nm) and SU-8 (8 μm). Scale bars, 2 mm. Photo credit: K.B., Tsinghua University.](abb7417-F3){#F3}

The above bottom-up strategy enables a rational design of reconfigurable 3D mesostructures with multiple (≥3) stable configurations. Connecting multiple elementary ribbons with curvy components provides a simple route, but the resulting mesostructures could involve many ribbon segments, as shown in the left panel of [Fig. 3E](#F3){ref-type="fig"} and figs. S26 and S27. In comparison, the combination of two elementary ribbons with properly optimized phase diagrams allows access to substantially simplified, multimodal mesostructures. [Figure 3E](#F3){ref-type="fig"} (middle and right panels) and fig. S28 provide two examples, which consist of only three or four ribbon components, but offer four distinct 3D configurations. Movie S4 illustrates the dynamic process of reconfiguration for the last design in [Fig. 3E](#F3){ref-type="fig"}. An additional example appears in fig. S29, illustrating the strategy to build multimodal reconfigurable mesostructure by patterning elementary ribbon components in a circular array. In all of these examples in [Fig. 3](#F3){ref-type="fig"}, the various stable 3D configurations predicted by FEA always agree well with the experimental results. The phase diagrams provided along with all of those designs serve as a guideline of the 3D reconfiguration through the sequential loading scheme.

Reconfigurable 3D antennas capable of offering distinct radiation patterns
--------------------------------------------------------------------------

The bottom-up design strategy introduced above allows access to functionally reconfigurable electromagnetic devices through the sequential loading scheme. [Figure 4](#F4){ref-type="fig"} illustrates a reconfigurable antenna whose radiation pattern can be switched reversibly among many different operation modes. [Figure 4A](#F4){ref-type="fig"} shows the 2D precursor of a bistable whip antenna that consists of a PI supporting layer (thickness *t*~PI~ = 25 μm) and a metallic layer (thickness *t*~Cu~ = 6 μm). The key geometrical parameters include the semimajor axis *a* = 10 mm, semiminor axis *b* = 4 mm, *l* = 6 mm, *l*\* = 25 mm, and width *w* = 1.2 mm. The phase diagram of this reconfigurable whip antenna is provided in [Fig. 4B](#F4){ref-type="fig"}, where the modes I and II are referred to as the "lay" mode and rise mode, respectively. A distinction of the radiation pattern can be observed between the two operation modes (fig. S30), which can be attributed to the huge difference of the antenna's effective length perpendicular to the substrate surface. [Figure 4](#F4){ref-type="fig"} (C and D) shows the 2D precursor and phase diagram of a reconfigurable antenna that integrates four pairs of whip antenna components in [Fig. 4A](#F4){ref-type="fig"} to offer multiple operation modes. [Figure 4](#F4){ref-type="fig"} (E and F) provides an exploded view and an optical image of the antenna, which includes the 2D precursor, the silicone substrate, the metallic reflector, and the subminiature version A (SMA) connector. The S11 parameter curves in [Fig. 4F](#F4){ref-type="fig"} (simulation by commercial software ANSYS HFSS) and [Fig. 4G](#F4){ref-type="fig"} (measurement by network analyzer) illustrate that this antenna has a stable resonant frequency in \~4.5 GHz for different modes. The bandwidth is around 0.3 GHz and shows slight levels of variations during the reconfiguration among different modes. By releasing the prestrained elastomer simultaneously or sequentially along different directions, four typical operation modes can be achieved ([Fig. 4, I and J](#F4){ref-type="fig"}), according to the phase diagram in [Fig. 4D](#F4){ref-type="fig"}. In particular, the simultaneous release leads to the "lay" mode in all of the antenna components, thereby offering an almost homogeneous radiation effect at the H plane. The main direction of the antenna could be adjusted to ρ = 78°, 45°, and 180° through sequential release along φ = 70°, 45°, and 180°, respectively ([Fig. 4K](#F4){ref-type="fig"}). Taking into account the rotational symmetry, the antenna could be adjusted to nine distinct modes in total. For example, the sequential releases with φ = 110°, 160°, and 20° yield the similar radiation patterns like mode II (second panel in [Fig. 4K](#F4){ref-type="fig"}), and the use of φ = 135° also gives a similar radiation pattern like mode III (third panel in [Fig. 4K](#F4){ref-type="fig"}). In all of those operation modes, the antenna provides excellent radiation performances in a broad range of frequency ([Fig. 4L](#F4){ref-type="fig"}). Collectively, the results in [Fig. 4M](#F4){ref-type="fig"} suggest the capability to achieve the beam scanning in discrete mode using a single antenna. Compared with the existing approaches ([@R56]--[@R59]), the strategy reported in the current work is unique from the perspective of adjusting the 3D geometry of radiating elements by a mechanically guided reconfiguration process. The resulting beam-scanning antennas that reside on a flexible elastomer substrate can be deformed easily to adapt to complex curvilinear surfaces and/or time-varying surfaces, which are challenging to achieve using the existing approaches. This design concept can be further extended to enable a more densely distributed beam scanning, covering 20 different directions, with a scanning step size of 5° (fig. S31). Stretching the elastomer simultaneously could realize another type of continuous control of radiation pattern ([Fig. 4N](#F4){ref-type="fig"}). The current distributions on the surface of the antenna are shown in fig. S32.

![A multimodal antenna with reconfigurable radiation pattern.\
(**A** and **B**) 2D precursor and phase diagram of a ribbon-shaped reconfigurable antenna. (**C** and **D**) 2D precursor and phase diagram of a multimodal antenna consisting of four pairs of reconfigurable components in (A). (**E** and **F**) Exploded view illustration and optical images of the antenna. (**G** and **H**) Results of electromagnetic simulations (G) and experimental measurements (H) for the return loss (S11) of the antenna at different operation modes. (**I** and **J**) FEA results and optical images of the antenna at different operation modes. (**K**) H-plane radiation patterns of the antenna at different operation modes. (**L**) Results of electromagnetic simulations and experimental measurements for the gain of the antenna. (**M**) Beam scanning of the antenna enabled by the distinct stable configurations with rotational symmetry and/or mirror symmetry. The corresponding release paths are (90°; 180°), (70°; 160°), (45°; 135°), and (20°; 110°), respectively. (**N**) Tunable H-plane radiation patterns of the antenna at modes I and IV by applying different levels of biaxial stretching to the substrate. The evolving 3D configurations with the biaxial stretching are also included. Scale bars, 2 cm. Photo credit: K.B., Tsinghua University.](abb7417-F4){#F4}

DISCUSSION
==========

In summary, this work introduces a sequential loading scheme and rational bottom-up design strategy to build geometrically reconfigurable mesostructures that can be reshaped among two or multiple stable configurations. Fundamental studies of the physical mechanism of geometric reconfiguration and the phase diagram of sequential loading scheme enable the findings of elementary reconfigurable ribbon precursors that serve as a basis of the bottom-up design strategy. Demonstrations of \~30 diverse examples of reconfigurable 3D mesostructures, including those that consist of very simple ribbon geometries but offer more than three distinct stable configurations, illustrate the powerful capability of the proposed rational design strategy. Functionally reconfigurable 3D antennas with around 10 operation modes suggest opportunities in the development of unusual electromagnetic microdevices. Demonstrated capabilities to achieve reconfigurable radiation patterns and discrete beam scanning using a single antenna suggest the potential to replace the array antenna to realize miniaturized and smart wireless front-end, which could be useful in the scenario of limited design space and deformable carrier.

MATERIALS AND METHODS
=====================

Mechanics simulations
---------------------

FEA using the commercial software Abaqus allowed prediction of the mechanical deformations associated with the 3D reconfiguration. We adopted four-node 2D shell elements (S4R) with bilayer laminates (Cu/PI, Cu/SU-8, and Al/PI) to model the 2D precursors and eight-node 3D solid elements (C3D8R) to model the silicone substrate. Refined meshes ensured the computational accuracy. Results of the linear buckling simulations determined the initial imperfections of postbuckling analyses. We used a hard frictionless contact model to simulate the mechanical interaction between 2D precursors and the substrate. The elastic modulus (*E*) and Poisson's ratio (ν) are *E*~Cu~ = 119 GPa and ν~Cu~ = 0.34 for copper (Cu); *E*~PI~ = 2.5 GPa and ν~PI~ = 0.34 for PI; *E*~SU-8~ = 4.02 GPa and ν~SU-8~ = 0.22 for SU-8; *E*~Al~ = 70 GPa and ν~Al~ = 0.42 for aluminum (Al); and *E*~substrate~ = 166 kPa and ν~substrate~ = 0.49 for substrate (Dragon Skin, Smooth-On).

Electromagnetic simulations
---------------------------

FEA using the commercial software HFSS allowed the electromagnetic simulations to calculate the coefficient (S11), impedance (Z11), and radiation pattern of electronic devices. Convergence of mesh sizes was tested to ensure computational accuracy. The model of electromagnetic simulations imported the 3D configurations obtained from the mechanics simulations, and all the metal conducting layers and polymeric supporting layers used layer impedance boundary with prescribed thicknesses. The relative permittivity (ε~r~), relative permeability (μ~r~), and conductivity (σ) are ε~r_Cu~ = 1, μ~r_Cu~ = 0.999991, and σ~Cu~ = 5.8 × 10^7^ S/m; ε~r_PI~ = 3.5, μ~r_PI~ = 1, and σ~PI~ = 0 S/m; and ε~r_Substrate~ = 2.55, μ~r_Substrate~ = 1, and σ~Substrate~ = 2.5 × 10^−14^ S/m.

Fabrication of 3D mesostructures in photodefinable epoxy
--------------------------------------------------------

Preparation of 3D mesostructures in photodefinable epoxy (SU-8) began with spin coating an ultrathin layer of an adhesion promoter Omnicoat (\~17-nm thickness; MicroChem) on a silicon wafer, followed by a layer of SU-8 (\~8-μm thickness; MicroChem). Photopatterning the SU-8 defined the geometries of the 2D precursors. Deposition of a layer of Cu (\~30-nm thickness) by electron-beam evaporation followed by lithography and wet etching defined the Cu pattern. Immersion in *N*-methyl pyrrolidone (NMP) removed the Omnicoat and released the 2D precursors from the silicon wafer, which were then retrieved by a water-soluble tape \[polyvinyl alcohol (PVA); Aquasol Co.\], and aligned with a separately prepared polyethylene terephthalate (PET) film of shadow mask (\~50 μm) that only exposed the bonding sites. Layers of SiO~2~ (100-nm thickness) deposited by electron-beam evaporation through the shadow mask defined the bonding sites, followed by removal of the PET mask. Exposing the prestrained silicone elastomer substrate (Dragon Skin, Smooth-On) and the 2D precursors (on the PVA tap) to ultraviolet (UV)--induced ozone yielded hydroxyl termination on their exposed surfaces. Laminating the tape onto the prestrained silicone elastomer substrate with the exposed SU-8 side down, followed by baking in an oven at 80°C for 10 min, yielded strong chemical covalent bonds between the silicone elastomer substrate and the exposed regions of 2D precursors. After dissolving and washing the PVA tape by hot water, slowly releasing the prestrain in the elastomer along the designed release paths completes the assembly of the 3D mesostructures. Stretching the substrate to initial states again and choosing another strategic release path for the assembly induced the stabilization of a distinct 3D configuration.

Fabrication of 3D mesostructures with submillimeter-scale features
------------------------------------------------------------------

Automated laser cutting (Universal VLS2.30) patterned the 2D precursors \[bilayers of aluminum (1 μm)/PI (25 μm)\] with desired shapes. A customized four-axis stretcher applied the prestretch to the silicone substrate (1-mm thickness; Dragon Skin, Smooth-On). Pasting commercial adhesive (Super Glue, Gorilla Glue Company) at predefined bonding sites of the prestrained silicone substrate followed by laminating the 2D precursors (with adhesive side down) onto the surface of substrate and curing for \~10 min at room temperature resulted in strong adhesion at the bonding sites. The process of 3D assembly and reconfiguration then followed the same procedures for the SU-8 samples as described above.

Fabrication of 3D reconfigurable antennas
-----------------------------------------

Preparation of 2D precursors began with a commercial flexible printed circuit board (FPCB) \[a bilayer of PI (25 μm) and copper (6 μm)\], laminated on a water soluble tape (WST) with PI facing the WST. A programmable laser cutting machine (Universal VLS2.30) carved the FPCB into the desired pattern. Photolithographic wet etching patterned the copper layer into designed geometries. Immersing composite in water dissolved WST and separated the 2D precursors. For the reconfigurable energy-harvesting coil antennas, chip LEDs (Red, 0402, APOBICO) and chip capacitors (430PF/50 V, 0402, APOBICO) were then welded with the predesigned electrode of copper layer. Transferring the 2D precursors onto the surface of prestrained silicone substrate, pasting predefined bonding sites by commercial adhesive (Super Glue, Gorilla Glue Company), and curing for \~10 min at room temperature resulted in strong adhesion at the bonding sites. For the reconfigurable communication antennas, a slideable connector and an SMA adapter whose connecting surface stayed at the bottom surface of the substrate were then welded with the predesigned electrode of copper layer. The process of 3D assembly and reconfiguration then followed the same procedures for the SU-8 samples as described above.

Measurement of 3D reconfigurable energy-harvesting antennas
-----------------------------------------------------------

Adhering primary copper coils (LY2026-8, WANLONGJINGYI) on the back of a substrate, and connecting coils with arbitrary function generator (Tektronix AFG2021, 0 to 20 MHz) and wide band amplifier (ATA-122D, 0 to 70 Vpp) served to provide the energy input of coil antennas. The experiment used 3.5 V and 13.56 MHz as the amplitude and frequency of output signal for the arbitrary function generator, and 20 dB for the wide band amplifier. The lightness of LEDs illustrated the distinct operation modes of coil antennas.

Measurement of 3D reconfigurable communication antennas
-------------------------------------------------------

Connecting the SMA adapter of antenna with a network analyzer (E5071B, Agilent) by a coaxial cable allowed the extraction of the reflection coefficient (S11) and resonant frequency. Next, the SMA adapter of antenna was connected with the signal emission port of a microwave anechoic chamber \[working frequency from 800 MHz to 18 GHz; size = 8 m by 4 m by 4 m; homogeneity properties = ±1 dB (axial direction), ±0.5 dB (horizontal direction); shielding properties ≥100 dB (800 MHz to 6 GHz) and ≥90 dB (6 GHz to 18 GHz); AMS8500\] (see fig. S33 for details). The radiation pattern was then determined through a measurement in the microwave anechoic chamber using a network analyzer (E5071C, Agilent).
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